Purpose This study aims to investigate a new planning method that avoids the match-line while maintaining larynx protection as in split field intensity-modulated radiation therapy (IMRT) and to evaluate the potential match-line dose variations with split IMRT. Methods/materials The new planning method, referred to as selective extended-field IMRT, selected anterior and anterior oblique fields to treat the entirety tumor volumes while restricting other IMRT fields from treating the tumor volumes below the larynx. Five patients with nasopharyngeal cancer, who underwent conventional extended-field IMRT, were replanned using the selective extended IMRT and split-field IMRT techniques. Results When treatment goals to the target volumes were met, selective extended-field IMRT resulted in an average mean larynx dose of 28.6±1.4 Gy, as compared with 41.9±10.6 and 29.3±5.6 Gy for extended-field and split-field IMRT, respectively. For other organs at risk, there were no significant dose differences (p>0.05) among three planning methods. Conclusions Selective extended-field IMRT achieves comparable tumor volume coverage as the conventional extendedfield IMRT and comparable larynx sparing as split-field IMRT while eliminating field matching.
Introduction
The treatment of head and neck malignancies poses a continuing technical challenge. The desire to spare normal structures by developing highly conformal dose distributions to the target volume has kept head and neck radiotherapy at the forefront of treatment planning innovation. Over the past decade, IMRT has been rapidly implemented in both academic and community practices, but a consensus has yet to be reached regarding its optimal application.
One debate centers on whether IMRT should be used to cover the entire treatment volume [1] [2] [3] or be used for the primary tumor while treating non-adjacent nodal regions with conventional fields. Two typical IMRT techniques are commonly employed. One technique uses beam-split (half-beam blocked) IMRT fields matched with beam-split conventional fields. The second technique, extended-field IMRT (EF-IMRT), uses IMRT fields to treat the entire treatment volume. Although the EF-IMRT technique eliminates the need for field junctions, one of the most widely voiced concerns about this technique is the increased dose to the larynx, which may result in higher levels of dysphagia [1, 4, 5] .
To overcome the clinical and technical limitations of EF-IMRT and split-field IMRT (SF-IMRT) planning techniques, we propose a new planning technique, referred to as selective extended-field (SEF)-IMRT. The SEF-IMRT plans utilize typical beam angles from EF-IMRT plans. To effectively protect the larynx while covering the gross lymph nodes located at the anterior aspect of the lower neck, the SEF-IMRT only allows the anterior and anterior oblique fields to treat the entire tumor volume while other fields are physically restrained from treating the tumor volume inferior to the larynx.
The first aim of this article is to describe in detail the proposed new planning method and to compare this method with two other typical IMRT methods. The second aim is to evaluate the dosimetric uncertainties generated in matching conventional and IMRT fields as is required in SF-IMRT.
Materials and methods

Patient selection and dose prescriptions
Five nasopharyngeal patients with primary tumors and associated neck disease extending inferiorly to the larynx were chosen for this study. These patients all were treated with EF-IMRT in the University of California San Francisco. Patients were simulated with the neck in a neutral position and were immobilized with a thermoplastic mask fitted to the head and shoulders. The planning gross tumors (PTV-GTV) and planning clinical volumes as either PTV-CTV1 or PTV-CTV2 were contoured by the treating physician. CTV1 generally represents areas adjacent to the GTV at risk for microscopic extension and those nodal regions which are at the highest risk for tumor involvement. At the clinician's discretion, CTV2 were deemed to be at less risk than the CTV1 regions, thus allowing a lower total dose. The following structures were typically contoured during plan optimization: temporal lobes, brainstem, spinal cord, optic chiasm, orbits, lens, optic nerves, parotid glands, maxilla, mandible, temporomandibular joints, tongue (or oral cavity), larynx, trachea, esophagus, and upper lobes of lung.
The treatment goal was to concurrently deliver 70 Gy to 95% of the PTV-GTV, 59.4 Gy to 95% of the PTV-CTV1, and, if applicable, 54.0 Gy to 95% of the PTV-CTV2 in 33 fractions. Other primary plan acceptance criteria included: maximum dose <45 Gy to the spinal cord, <54 Gy to the brain stem, mean dose <26 Gy to the parotid glands, and <50 Gy to the inner ears. Based on our clinical experience, we typically accepted a mean dose <35-45 Gy for the larynx in EF-IMRT plans, which was deemed as reasonably achievable without other compromises.
Extended-field IMRT
The extended-field IMRT (EF-IMRT) technique utilized multiple IMRT fields to treat the primary tumor and all lymph node groups extending into the supraclavicular region. A detailed description of this planning method, including beam angle arrangements and planning dose constraints, was published previously [6] . Typically, nine beam angles were used with a total of 60 segments.
Selective extended-field IMRT
The selective extended-field IMRT (SEF-IMRT) technique is a modification of EF-IMRT technique, allowing only selected fields to treat the entire set of planning volumes including the lymph nodes in the lower neck and supraclavicular fossa. Because these lymph nodes are located anteriorly, we only allowed anterior and anterior oblique fields to expose the entire tumor volume. The inferior borders of all of the other fields were physically restricted to the regions superior to the larynx.
The treatment planning system (TPS) (Pinnacle V.8.0, Phillips, WI) in active clinical use does not allow users to specify the field border of each beam. Thus, to implement this new planning technique, we used another commercial planning system (Panther V.4.6, Prowess, Concord, CA) to test this planning method. With the Panther TPS, users can draw a restricted exposure region on the beam's eye view to manually define the field border. In addition to restricting non-selected beams from exposing to the larynx, a set of strict planning dose constraints for achieving a mean dose less than 29 Gy were also used to further protect the larynx during IMRT optimization.
For the purposes of this study, the planning CT images and target volume contours were transferred from the Pinnacle system via DICOM protocol to the Panther system. Compared to the clinically deployed EF-IMRT plans, the iso-centers for the SEF-IMRT plans were shifted longitudinally and placed above the larynx. Beam angles and energies in the SEF-IMRT plans were kept the same as those in the EF-IMRT plans. However, the collimator angles were set to 90°instead of 0°. Except for the larynx, each SEF-IMRT plan was created using the same planning objectives as in the EF-IMRT plan.
Split-field IMRT
For comparison, SF-IMRT plans were created for all patients using the Pinnacle planning system. The most common SF-IMRT technique utilized a single iso-center with half beams of IMRT fields matched to a half beam of an anterior-posterior (AP) supraclavicular field. A single iso-center was placed at the level of the larynx. Multiple half-beam IMRT fields were used to treat the superior portion of the tumor volume. A single half-beam blocked anterior supraclavicular field was used to treat the inferior portion of the tumor volume. The IMRT fields and the anterior supraclavicular fields were matched on the plane of the beam axis at the iso-center. A midline cord block was placed in the anterior supraclavicular field to protect the larynx and the spinal cord.
For fair comparison, the SF-IMRT plans in this study stemmed from the EF-IMRT plans. First, we moved the isocenter of the EF plans to the location (superior of the larynx) where the iso-centers of the SF plans were often located, and new EF-IMRT plans with the similar plan quality as the original EF-IMRT plans were created. Then, for each segment of the EF plans, we manually closed all MLC leaves or jaws located below the new iso-center. Finally, we added the anterior supraclavicular (AP) field matched on the plane of the beam axis at the new iso-center. A midline cord block (with a block length cover the AP field length) was placed in the AP field to protect the larynx and spinal cord. The modified EFplan and the AP field were combined as a composite SF-plan for comparison.
Simulation of dose variation at the match-lines of SF plans
To quantitatively evaluate the potential dose variations at the match-lines if a systematic error (either gap or overlap of fields) occurred due to imprecise jaw calibration, we deliberately shifted the upper jaw in the AP field ±1, ±2, and ±3 mm in the SF-IMRT plans. Furthermore, in order to specifically analyze the dosimetric impact on the pertinent tumor volume and sensitive structures, we renamed PTV-CTV1 1.5 cm around the match-line as mPTV_CTV1, and renamed the spinal cord within the same region as m-cord. We used the dose to 95% of these tumor volumes (D95) and the dose to 1 cc of the m-cord volume as endpoints for match-line dose uncertainty analysis.
Plan comparison and evaluation
To eliminate dose calculation differences between the two treatment planning systems, each SEF-IMRT plan, created from the Panther TPS, was transferred to the Pinnacle TPS for recalculation while keeping segment shapes and monitor units (MUs) the same as in the Panther plan. These plans, referred to as recalculated SEF-IMRT plans, were compared with the original SEF-IMRT plans to confirm the similarity between the two dose calculation methods.
Plan evaluations
All plans were evaluated based on selected endpoints, such as dose to 95% of the PTV-GTV, PTV-CTV1, and PTV-CTV2 (D95), maximum dose to the spinal cord, brain stem, temporal lobe, and mandible, and mean dose to the parotid glands, larynx, and inner ears. The Student's t test was used for descriptive statistical analysis. Furthermore, the general plan qualities were compared based upon the homogeneous index as defined in Eq. 1, and the conformity index as defined in Eq. 2. The dose homogeneity index (HI) was defined as the ratio of the maximum point dose and the highest prescription dose
The plan conformality index (COIN) [7] defined as
where PTV ref was the volume of the portion of PTV enclosed by the prescription isodose line and Tissue ref was the total tissue volume enclosed by the prescription isodose line. The higher HI, the less uniform the plan. The closer COIN was to unity, the more conformal the plan.
Results
Comparing original SEF and recalculated SEF plans
For all five patients, the first two columns in Table 1 list the mean values and standard deviations of selected endpoints of the original SEF-IMRT plans from the Panther planning system and the recalculated SEF-IMRT plans using the Pinnacle planning system. There are no significant dose differences between the SEF plans and the recalculated SEF plans (p00.77). In the rest of this paper, for simplicity, we only compare the recalculated SEF plans with EF and SF plans, and we refer to the recalculated SEF plans as SEF plans.
Comparisons of three types of IMRT plans
The detailed dosimetric comparison of selected endpoints of the SEF-, EF-, and SF-IMRT plans are shown in Figs. 1, 2 , and 3. The average values and the standard deviation of these endpoints are listed in Table 1 . As shown from Table 1 , when compared to the EF plans, the SEF-and SF-IMRT plans achieved a significant (p00.017) dose reduction to the larynx with average mean dose to the larynx of 28.6±1.4 and 29.3± 5.6 Gy, respectively, compared to 41.9±10.6 Gy in the EF-IMRT plans. More specifically, as shown in Fig. 1 , the mean larynx dose in SEF plans was more consistent than that of in EF plans, with a standard deviation of 1.4 Gy in SEF plans compared to 10.6 Gy in EF plans. For the tumor volumes, when SEF plans delivered the goal prescription doses to the PTV-GTV and PTV-CTV2, the average D95 of the PTV-CTV1 was within 96% of the prescription dose. In comparison, the average D95 from the EF plans achieved 100% of the prescription dose. For SF plans, the average D95s of PTV-GTV, PTV-CTV1, and PTV-CTV2 were 96%, 93%, 91% of the prescription doses. The detailed D95s of PTV-GTV and PTV-CTV1 for all patients among these plans are shown in Fig. 2a-b . Because not all patients had PTV-CTV2, the plot of D95 of PTV-CTV2 is omitted. For patients with enlarged lymph nodes in the lower neck and supraclavicular regions, the dose coverage to PTV-CTV1 and PTV-CTV2 may have been compromised with the SF plans.
Although D95 of the PTV-CTV1 in SEF plans is slightly lower that of in EF plans, the difference was not statistically significant (p00.14).
Among the three types of plans, no significant differences were found in the mean doses to the parotid glands and inner ears or in the maximum doses to the spinal cord and brain stem (p00.55), as shown in Table 1 . The detailed maximum doses of the spinal cord and brain stem for each patient were plotted in Fig. 3a, b . Figure 4a , b shows plan homogeneity index and conformal index of the PTV-CTV1 for the three types of plans for each patient. The average plan homogeneity indices were not significantly different (p00.97) among the three types of plans, with 85.1%, 84.5%, 84.4% for SEF, EF, and SF plans. The average plan conformal indices of the PTV-CTV1 were 0.62, 0.55, and 0.66 for SEF, EF, and SF plans, respectively. We did not include plan homogeneity index and conformal index of other tumor volume because not all patients had PTV-CTV2. For the PTV-GTV, because of different prescription dose than that of PTV-CTV1 with the same the maximum dose of a plan, the plan homogeneity indices for the PTV-GTV would have the same trend as the PTV-CTV1 but with different the absolute values of the homogeneity indices. The conformal indices of the PTV-GTV for these three types of plans are shown in Fig. 4c . The average plan conformal indices of the PTV-GTV were 0.38, 0.32, and 0.39 for the SEF, EF, and SF plans, respectively.
Dose uncertainties near match-line
For SF-IMRT plans, a gap measuring 1, 2, and 3 mm wide was introduced between the AP field and the IMRT field at Figure 5 shows the isodose changes with overlaps of 0, 1, 2, and 3 mm between the border of the AP field and IMRT fields.
Discussions
Compared to a single iso-center half-beam-blocked SF-IMRT technique, SEF-IMRT achieves improved target coverage with similar larynx sparing. Compared to the EF-IMRT technique, SEF-IMRT achieves similar tumor coverage with a substantial reduction of mean dose to the larynx. Similar to SF-IMRT, SEF-IMRT blocks all posterior and lateral beams to the low neck region while minimizing larynx exposure from anterior and anterior oblique beams by incorporating laryngeal sparing into the optimization. The SEF-IMRT technique also eliminates the need for a sharp field junction as in SF-IMRT.
The reduction of mean dose to the larynx may have major impact on a patient's quality of life. Fua et al. [8] reported that a mean dose of the larynx of 55.2 Gy resulted in 95% of grade 3 dysphagia for a group of patients with nasopharyngeal cancer, and a mean dose of the larynx of 27.2 Gy reduced the proportion of grade 3 dysphagia to 62.5%. Using endpoints of percutaneous endoscopic gastrostomy (PEG) tube dependence at 12 months and aspiration on modified barium swallow testing, Caudell et al. [9] found that a mean dose of the larynx >41 Gy and V60 >24% were clinically significant dosimetric parameters.
Whether to prioritize protection of the larynx or achieve comprehensive tumor coverage in the neck is at the center of [2] compared EF-IMRT and SF-IMRT for a group of early-stage oropharyngeal patients and found that acceptable plans can be generated with either EF-IMRT or SF-IMRT except for the issue concerning the mean dose to the larynx. The mean larynx dose was 47 Gy with EF-IMRT compared to 18.7 Gy with SF-IMRT. Therefore, they recommended that SF-IMRT was only preferred for patients with a primary tumor not involving the base of tongue, patients with clinically uninvolved neck nodes, or patients without bulky lymph nodes near the match-line. Otherwise, EF-IMRT was recommended. By comparing the outcomes of 91 patients treated with EF-IMRT and with SF-IMRT, Turaka et al. [10] concluded that for patients with early T and early N disease, using the conventional low neck field did not increase the risk of local-regional failure nor decrease PEG tube dependence. They also recommended that when the lymph nodes in the low neck are greater than 3 cm in size, using matching fields in SF-IMRT should be avoided. Concerning the dose uncertainties at the match-line in SF-IMRT, several feathering techniques have been developed and implemented clinically [11, 12] . A traditional method is to move the match-line (or the iso-center) once or twice during the course of the treatment. However, shifting the match-line between the IMRT plan and the AP field is not as straightforward as shifts might be in 3D conformal plans. Another method is to deliberately generate a wedge type of dose gradient near the matching region [12] , creating a gradual dose gradient to minimize potential hot or cold spots in the event of an imperfect match. This method has not been widely adopted clinically.
Sources of match-line dosimetric uncertainty can be attributed to inaccuracies of patient set-up, inadequate immobilization, and imprecise field abutment due to mechanical factors (independent jaw position, gantry/collimator tolerance). Inaccurate patient positioning and inadequate immobilization are major sources of random errors. Mechanical factors, such as the imprecision of the independent jaw, gantry, and collimator placement, are sources of systematic errors. An acceptable ±1 mm precision for independent jaws may create up to 2 mm of possible match-line jaw overlap/underlap. This imprecise jaw placement can induce match-line inhomogeneities of 15-20%/mm [12] [13] [14] . These results are consistent with our findings in this study. But how does this dosimetric uncertainty translate into the coverage of planned treatment volumes and critical structures? Bubenzer et al. [15] found that match-line TLDs located approximately at the spinal cord position received markedly more doses than predicted. In the present study, we specifically evaluated doses to the tumor volume and spinal cord at the region of the match-line.
In general, there is a consensus that because of using multiple beams, the mean larynx dose in EF-IMRT is higher than that of SF-IMRT, even with a strict planning dose constraint applied to the larynx during optimization of EF-IMRT. In theory, a robust optimization algorithm would automatically block beams without using the method described in SEF-IMRT. Unfortunately, such robust optimizers are not currently widely available to many clinical users. Reports from other institutions as in references [1] [2] [3] As in any other retrospective planning comparison study, one of the limitations of this study is that it could not completely eliminate other confounding variables in the compared plans. Due to the limitation of available tools in our clinical planning system (the Pinnacle system), we used two different treatment planning systems, which unavoidably introduced differences in plan optimization. With the current versions of the Pinnacle system (from version 8.0 to 9.0) and with the requirement of secondary jaws following each segment in Siemens linear accelerators, we were not able to produce SEF-IMRT plans using our clinical planning system. Because of different optimization strategies in the two planning systems, we could not guarantee that the planning dose constraints applied in the SEF-IMRT plans the same as those in the EF-IMRT plans, although we used the same plan acceptance criteria such as the dose coverage to the tumor volumes and dose sparing to the other sensitive structures except for the larynx. In the SEF-IMRT plans, we tightened the larynx planning dose constraint, which enabled us to reduce the mean larynx dose without compromising other plan qualities. One may speculate if a strict planning dose constraint were also applied to the larynx in EF-IMRT plans, it might reduce the larynx dose to the same level as the SF-IMRT or SEF-IMRT plans. In our experience, this approach can be very onerous. Other study [2] has previously shown that except for the larynx, EF-IMRT plans are comparable to SF-IMRT plans. We believe the higher larynx dose in EF-IMRT plans is due to the use of seven to nine beams typically seen in EF-IMRT plans. Finally, we did not attempt to further optimize the EF-IMRT plans but use the clinically accepted EF-IMRT plans for comparison because we believed that alternation risked losing the special value of clinical plans since these plans underwent careful review by attending radiation oncologists. Thus, these original plans represent a realistic version of what can be clinically achieved using EF-IMRT.
Another limitation of this study is that it is a planning study not yet confirmed by experimental measurements. In addition, the advantages of the SEF IMRT planning method have not been confirmed by clinical outcomes. All of the patients had nasopharyngeal cancer; further study is required to investigate whether the observed advantages of SEF-IMRT can be extended to other head and neck cancers.
Conclusions
In the treatment of the head-and-neck cancer, there is no consensus on whether and when to use extended-field IMRT or split-field IMRT. To combine the advantages of these two treatment planning techniques, we propose a new IMRT planning method that avoids the field matching of beam-split IMRT but achieves tumor volume coverage comparable to EF-IMRT and larynx sparing comparable to SF-IMRT. Further study is needed to investigate this planning method in the clinical setting.
